The effect of 3d-transition-metal alloying on the phase constitution of Ti-18 mol%Nb based shape memory alloys was investigated by Xray diffraction analysis (XRD) at room temperature. The baseline binary Ti-18 mol%Nb alloy (called Binary) and ternary Ti-18 mol%Nb-3 mol%X alloys (X ¼ V, Cr, Mn, Fe, Co and Ni, called 3X) were fabricated by Ar arc-melting method, followed by homogenization at 1273 K for 3.6 ks. These alloys were cold-rolled with 30% and 98% reduction in thickness. Some specimens from 98% cold rolled material were solution treated at 1273 K for 1.8 ks and quenched in water. It was found that the phase present in the solution-treated and quenched Binary and 3V was 00 martensite phase and that of the other alloys was phase. No other phase or ordering was confirmed in these baseline and 3X alloys. The lattice parameter of phase showed a good correlation with the Goldschmidt atom radius of the ternary alloying metals. It was confirmed that (1) almost same type of deformation texture was formed in phase materials regardless of the alloying metals but that (2) the development of recrystallization texture was suggested to be different depending on the alloying metals.
Introduction
Since the shape memory effect in -Ti alloy was firstly found by Baker in Ti-35 mass%Nb binary alloy in 1971, 1) several researches such as recovery test, microstructure observation were done for such Ti-base shape memory alloys. [2] [3] [4] [5] [6] It is well documented at present that the shape memory effect of the Ti-base alloys comes from a thermoelastic martensitic transformation from phase (bcc) to 00 phase (c-centered orthorhombic). 7) However, neither sufficient shape memory effect nor superelasticity for practical applications was found till 1990s. In order to improve shape memory properties of the Ti-based shape memory alloys, we have systematically investigated several ternary systems composed of nontoxic elements such as Ti-Nb-Al, Ti-Nb-Ge and Ti-Nb-Zr. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Now it has been revealed that the Ti-base shape memory alloys exhibit good shape memory effect, mechanical properties, biocompatibility and superior cold workability. It has been also found that the martensitic transformation behavior of the Ti-base shape memory alloys is affected by alloying metal. As for the martensitic transformation from to 0 (hcp, nonthermoelastic transformation), the effects of binary alloying metal on the martensitic transformation temperatures (M s ) were precisely investigated, 20) and the transition metals belonging to 8-, 9-and 10-groups in the Periodic Table decrease M s more strongly than those belonging to 5-group. It was also reported that the phase transformation in -Ti alloys relates to the d-electron densities. 21) Thus, 3d-transition metal alloying, which effects on the d-electron density, must change the stability of bcc structure. It is believed that the change in M s of to 00 martensitic transformation behaves similar to M s of to 0 martensitic transformation. A few systematic works have been done for the effects of alloying metal on Ti-Nb shape memory alloys. For example, mechanical properties are changed depending on the atom species of ternary elements belong to 13-and 14-goups. 22) However, no systematic work has been done for the Ti-Nb alloys containing 3d-transition metal elements such as Fe, Co and Ni. Therefore, in this study, the phase constitution of Ti-18 mol%Nb alloys containing 3 mol% of ternary elements was investigated using -2 X-ray diffraction (XRD) analysis at room temperature (RT). Effect of thermo-mechanical treatments on phase constitution and texture development was also investigated.
Experimental Procedure
Ingots of Ti-18 mol%Nb (called ''Binary'') and Ti-18 mol%-3 mol%X (X ¼ V, Cr, Mn, Fe, Co and Ni; called ''3X'') were fabricated by Ar arc-melting method in an Ar-1%H 2 atmosphere. Each alloy was prepared using elemental materials with 99.9% or higher in purity. Each ingot was about 5 g in weight and no chemical analysis was made because of small weight change after alloying. It should be mentioned that TiNbAl alloys made similarly contained oxygen of about 200-400 ppm in weight. Then, the present alloys are considered to contain similar amount of oxygen. The ingots were homogenized at 1273 K for 3.6 ks in vacuum followed by quenching into water. The surface layer of the homogenized ingots was removed by mechanical polishing and then the ingots were cold-rolled. In this study, three kinds of thermo-mechanical conditions were selected for each alloy. The first is a cold-rolling with a final reduction in thickness of 30% and the rolling direction was randomly changed in order to avoid a specific texture formation. The second is a cold-rolling with a final reduction in thickness of 98% with keeping a constant rolling direction for the texture development and introducing severe cold deformation. The third is the similar solution treatment of 1273 K for 1.8 ks in vacuum followed by water quench using the 98% cold rolled materials.
All the specimens for XRD were polished mechanically by emery papers and diamond pastes with diameter of up to 1 mm and then electropolished in a solution of perchloric acid:butanol:methanol = 1:6:10 in volume at 220 K for the elimination of damaged surface layer introduced during the mechanical polish. A conventional -2 XRD was carried out at room temperature (RT, 298 K) with CuK radiation using Philips X'pert Pro Galaxy system equipped with an X'celerator module. The rolling direction (RD) was set to be parallel to the X-ray direction projected onto the specimen surface. Si powder was used as an external standard material for the correction of peak angles.
In a conventional -2 XRD, the intensity of diffraction peak decreases with the increase in diffraction angle since the atomic form factor for X-Ray decrease with the increase in diffraction angle. It is, therefore, possible to know the existence of preferential orientation of grains from the relative intensity by -2 XRD.
Electron back scattering diffraction (EBSD) measurements were additionally performed for 3Cr and 3Fe only in order to confirm the texture. EBSD measurements were performed in a field emission gun scanning electron microscope at a working distance of 15 mm and accelerating voltage of 20 kV. The software used for the EBSD measurements was INCA Microanalysis Suite from Oxford Instrument. Figure 1 shows the XRD profiles of solution-treated materials after 30% cold-rolling. Subscript 00 and in the figure indicate the reflections from 00 martensite and parent phase, respectively. The diffraction peaks only from 00 martensite phase are detected in Binary and 3V. On the other hand, the diffraction peaks only from phase are detected in 3Cr, 3Mn, 3Fe, 3Co and 3Ni alloys. From these results, it was recognized that Binary and 3V are 00 martensite phase and the other ternary alloys are phase at RT. These results indicate that Cr, Mn, Fe, Co and Ni decrease the M s of Ti-18 mol%Nb alloy. Thus, it is considered that the phase was stabilized by the addition of these alloying metals. It should be mentioned that, although ordering was reported for Ti-(16-26 mol%) Nb binary alloys by Ahmed and Rack, 23) no trace of ordering was recognized by XRD in this study regardless of alloy systems. Such an ordering phenomenon was not detected even in recent transmission electron microscopy (TEM) observation and details of results of TEM observation will be reported elsewhere.
Results and Discussion

Phase constitution of 30% cold-rolled and solutiontreated materials
Lattice parameter
The lattice parameters were precisely determined by CellCalc, a unit cell parameter refinement program on windows computer, 24) which is based on a least-square method using the reciprocal lattice parameters. The lattice parameters of each alloy are listed in Table 1 . Since Binary and 3V were orthorhombic 00 phase at RT, their lattice parameters were represented by a 00 , b 00 and c 00 (defined as b 00 > c 00 > a 00 ). The other ternary alloys (3Cr, 3Mn, 3Fe, 3Co and 3Ni) were bcc phase at RT and their lattice parameters were represented by a . The unit cell volume V 00 for 00 phase and V for phase, and averaged atomic volume V atom measured (unit: cm 3 /mol) are also listed in Table 1 . To evaluate the validity of V atom measured independently of apparent crystal structure, atomic volume V atom calc of each alloy was estimated based on the rule of mixture under the assumption that single phase was formed regardless of alloy systems, as
where V Ti , V Nb and V x are atomic volumes of constituent elements (Ti, Nb and ternary elements) at RT listed in Table 2 , and C Ti , C Nb and C x are their concentrations, respectively. It is found in Table 1 of ternary elements is due to the atomic volume difference between Ti and alloying metals. In order to clarify the effect of the ternary addition on the lattice parameter, the lattice parameters of phase for the Ti18Nb3X alloys were plotted in Fig. 2 as a function of Goldschmidt radius of alloying metal. The Goldschmidt radii used in this study are based on the coordination number of 12. It is seen in the figure that the lattice parameter decreases linearly when the Goldschmidt radius of the alloying metal become small. It is therefore, considered that the added third alloying metals are soluble within the composition range investigated in this study. Moreover, it is generally believed that atomic volume is reduced by occurrence of ordering due to increase in bonding energy. Thus, these results support the result that no ordering occurs by the addition of these alloying metals.
Phase constitution of 98% cold-rolled materials
All the alloys were easily cold-rolled with a final reduction in thickness of 98% and no cracks were formed by the rolling. Figure 3 shows XRD profiles of alloys after 98% cold rolling. Two phases of 00 and were detected for Binary and 3V, and single phase was detected for the other alloys except for 3Mn. The phase detected in Binary and 3V must be retained due to the increase in transformation hysteresis by the severe cold rolling. It should be noted that the 200 and 112 peaks are split in 3Mn. This may be due to the stress induced 00 martensite formed during the cold-rolling but clear evidence about the existence of 00 martensite was not detected. It is seen in Binary and 3V with 00 þ two phase that there are difference in peak intensities: strong 002 00 for Binary and strong 113 00 for 3V, for example. Such differences must be due to difference in deformation-texture caused by addition of V.
On the other hand, no significant difference was recognized in the relative intensity of each peak for the alloys with single phase (3Cr, 3Fe, 3Co and 3Ni) as well as 3Mn. The relative intensity of 200 peak was stronger than that of 110 peak in 3Mn, 3Fe and 3Ni. No remnants of 110 peak were detected in 3Cr and 3Co. These results indicate that preferential orientations of grains exist in these alloys. It is deduced that the normal direction (ND) tends to be parallel to f200g .
The deformation texture depended on the species of the ternary elements. This should indicate that deformation mechanism of the alloy is affected by the ternary additions. In the alloys with 00 phase, some twinning systems can be activated and the twinning elements depends on the alloy composition. 25) For the -Ti alloys, there are some reports showing that the dislocation slip and/or twining are affected by changes in the electronic structures.
26) The f332g h113i twin and dislocation slip with Burgers vector of h111i are the plausible deformation system in the -Ti alloys. In addition, stress-induced martensitic transformation should occur depending on M s which is determined by the ternary elements. Some of the four deformation mechanisms, therefore, become dominant mechanisms depending on the kind of the ternary elements. The variations in the intensity distribution in the XRD profiles should be due to the change in deformation texture resulted from the ternary addition. Figure 4 shows XRD profiles of solution-treated materials after 98% cold rolling. By comparing the results of 30% ( Fig. 1) and 98% cold-rolled materials (Fig. 4) , no change in phase constitution is detected for the solution treated materials. For 3Cr, 3Fe, 3Co and 3Ni, only phase appears regardless of cold rolling reduction and heat treatment condition. These results suggest that M s of these alloys is much lowered by the addition of ternary elements. By comparing Binary and 3V, the intensity distribution in XRD profiles is quite different: strong 113 00 for Binary and strong 043 00 and 204 00 for 3V. These differences suggest that recrystallization texture is changed by V addition. This should be partially due to that the deformation texture is changed by V addition as discussed in the above section.
Phase constitution of 98% cold-rolled and solutiontreated materials
On the other hand, distribution of intensity in XRD profiles of single phase alloys (3Cr, 3Mn, 3Fe, 3Co and 3Ni) were also different each other, even though the relative intensity of each peak after cold rolling were similar to each other as shown in Fig. 3 . 3Cr and 3Mn exhibit 112 reflection only. Our previous work revealed that f112g h110i type recrystallization texture is well developed in Ti-24 mol%Nb-3 mol%Al alloy by the combination of a severe cold rolling and a solution treatment. 16) Then, it is quite acceptable that f112g h110i type recrystallization texture is also developed in 3Cr and 3Mn alloys. However, XRD profiles of 3Fe and 3Co exhibit 200 , 112 and 222 , and that of 3Ni exhibits strong 110 in addition to 112 . These results suggest that f112g h110i type recrystallization texture was not well developed in 3Fe, 3Co and 3Ni comparing with that of 3Cr and 3Mn. The reason for these differences in recrystallization texture is not clear at present, but these results imply the difference in the deformation texture resulted from the difference in the alloying metals. In order to clarify the effect of 3d-transition-metal alloying on texture development quantitatively, the texture evaluation using both XRD pole figure measurement and EBSD measurement are under investigation. Figure 5 shows the 100 pole figures obtained by EBSD for (a) 3Cr and (b) 3Fe. It is seen that different textures appear: f112g h110i type recrystallization texture is well developed in 3Cr and not well developed in 3Fe. These results obtained by EBSD are in good agreement with the above-described texture development based on -2 XRD profiles.
Conclusions (1)
00 single phase appears at RT for the binary Ti-18 mol%Nb (Binary) and the ternary Ti-18 mol%Nb-3 mol%V (3V) after the solution treatment of 1273 K for 1.8 ks regardless of cold rolling reduction. 00 and two-phases appear for Binary and 3V at RT after 98% cold rolling thickness reduction without solution treatment. The phase must be stabilized by the severe cold rolling.
(2) Ti-18 mol%Nb-3 mol%X alloys (X ¼ Cr, Fe, Co and Ni) at RT are phase regardless of cold rolling reduction and heat treatment. M s is much lowered and these alloying metals stabilize phase. (3) The lattice parameter of phase decreases with decreasing the Goldschmidt radius of alloying metal. (4) For the 98% cold-rolled materials, similar relative intensity of each peak was observed regardless of the species of alloying metal when only phase appears. It is considered that the normal direction (ND) tends to be parallel to ð200Þ from the XRD profiles of these alloys. (5) For the 98% cold-rolled and solution-treated materials, only 112 was detected in 3Cr and 3Mn, and the peaks of 112 and other peaks were detected in 3Fe, 3Co and 3Ni. This indicates that the development of recrystallization texture is affected by alloying with the 3d-transition metals. 
